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SUMMARY 


Demands for extremely small antennas to be used in 
radiofrequency identification tags for ubiquitous commu- 
nication have increased. Examples of very small antennas 
utilizing meander line structures are seen. To date, impor- 
tant studies have been carried out on basic design and on 
improvement of the radiation efficiency by a folded con- 
figuration. Most of the structures studied have dimensions 
of more than 0.1 wavelength. For the demands of ultracom- 
pact antennas, this paper deals with meander line antennas 
whose dimensions are less than 0.1 wavelength. First, the 
parameters for resonant configurations are derived for an- 
tennas with dimensions of 0.1 to 0.025 wavelength. Next, 
the radiation resistance and the ohmic resistance are studied 
in the folded structures. First, through a transmission line 
model analysis, it is shown that the step-up ratios of radia- 
tion and ohmic resistances in the case of folded structures 
are different. In addition, these resistances that are basic 
values of electrical performances are derived through elec- 
tromagnetic simulations. Further, in order to confirm the 
validity of the numerical results and the realizable perform- 
ance, antennas with dimensions of 0.1 and 0.05 wavelength 
were fabricated. Electrical characteristics are compared, 
and good agreements are found. © 2005 Wiley Periodicals, 
Inc. Electron Comm Jpn Pt 1, 88(8): 1-11, 2005; Published 
online in Wiley InterScience (www.interscience. 
wiley.com). DOI 10.1002/ecja.20204 
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1. Introduction 


Recently, demands for extremely small antennas for 
use in IC tags for ubiquitous communications have in- 
creased. Well-known very small antennas are small loop 
antennas for pagers [1]. The antenna dimension is about 
0.05 wavelength with an extremely low gain of -18 dBd 
[2]. Also, since the antenna input impedance has a large 
inductance component, it is necessary to add a capacitive 
component for use. Other excellent antennas with improved 
gain and self-resonance characteristics are the normal mode 
helical antenna [3] and the meander line antenna [4]. The 
normal mode helical antenna has a coil structure and re- 
quires a three-dimensional configuration. Since the mean- 
der line antenna has a two-dimensional configuration 
consisting of conductors meandering on a planar surface, it 
has good fitness to a sheet circuit. When application to IC 
tags is considered, planar structure is a significant condi- 
tion, so that the meander line antenna is promising. 

An example of a meander line antenna applied to IC 
tags has been reported, but its electrical characteristics were 
not shown [5]. Antenna design and electrical characteristics 
were shown in the following studies. (1) Endo and col- 
leagues expressed the resonant condition of a small mean- 
der line antenna with a size of more than 0.1 wavelength in 
forms of a transcendental equation with the number of 
meander stages and the antenna length and width as vari- 
ables. They studied various resonant structures and showed 
that the radiation efficiency decreases quickly if the antenna 
length becomes less than 0.1 wavelength [6]. (2) Noguchi 
and colleagues fabricated meander line antennas with a size 
of more than 0.15 wavelength and obtained a radiation 
resistance of more than 5 Q [7]. It has also been shown that 
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the radiation resistance can be increased by a factor of 4 if 
a folded structure is used [8]. In order to meet demands for 
further size reduction, it is necessary to determine the 
structural parameters of an antenna with a size of less than 
0.1 wavelength and to study the realizability of the electrical 
characteristics. 

In this paper, an antenna with a size of less than 0.1 
wavelength is designed and the realized characteristics are 
found by measurement. In Section 2, the self-resonance 
structure and input resistance are derived by electromag- 
netic simulation for antennas with a size of 0.025 to 0.1 
wavelength. In Section 3, improvement of the electrical 
characteristics by the use of a folded configuration is stud- 
ied with respect to the physical meaning and achieved 
values. In Sections 4 and 5, measured data for fabricated 
antennas with sizes of 0.1 and 0.05 wavelength are pre- 
sented. 


2. Basic Meander Line Antenna 


2.1. Dimensional parameters and input 
resistance at resonance 


The basic configuration of the meander line antenna 
is shown in Fig. 1. The antenna length is L and the width is 
W. The number of stages (NV) of the meander line is the total 
of the bent sections and is 10 in this case. The other antenna 
parameters are d for the conductor width and s for the 
conductor spacing. Ly is the separation of the left and right 
meander sections and is greater than 2 mm to allow for 
coaxial cable feed. A is the segmentation length used in the 
method of moments in order to calculate the current distri- 
butions; it has a value of one to several tenths of a wave- 
length. In the meander sections, the conductors are started 
bending at both ends of the antenna and bended conductors 
are arranged so as to have uniform spacing s within the L-L; 


L 


Fig. 1. Configurations of meander line antenna. 


regions. The frequency used in this study is 700 MHz, close 
to that of portable phones. 

In designing an antenna to have high efficiency, the 
conductor width (d) plays an important role. The maximum 
conductor width available is determined using parameters 
of the antenna length (L) and N. At 700 MHz, the maximum 
width (diax) of the conductors for s = 0.1 mm (2.3 x 10+) 
are shown in Fig. 2. It is seen that the conductor widths are 
reduced when the antenna lengths are made shorter. When 
the antenna length is reduced to 0.025 wavelength with N 
= 38, dinax because 0.105 mm (2.3 x 10“ A). On the other 
hand, when N = 38 at 0.05 wavelength, d,,,, can be in- 
creased up to 0.374 mm (8.7 x 10“ A). 

Figure 3 shows the self-resonance conditions of the 
antenna lengths and antenna widths. The calculations were 
made with an electromagnetic simulator (IE3D) based on 
the method of moments. The reliability of the numerical 
values is judged by the convergence of the numerical results 
for the input impedance of the antenna. The convergence 
was evaluated for an antenna with L = 0.05 A. As the 
numerical segmentation length A is reduced, the numerical 
accuracy is significantly increased. According to the nu- 
merical results of the input impedance in the range of 10 < 
M/A < 80, convergence is obtained at A/A = 20. Since stable 
convergence occurs when A/A is more than 40, subsequent 
calculations were carried out with A/A = 40. AtA/A = 40, A 
is small enough that at least two A can fit within W, even if 
W has its smallest size. Figure 3 shows the results for 
conductor widths (d) of 0.1 mm (2.3 x 10“ A) and 0.3 mm 
(7.0x 10+ A). When d = 0.3 mm and N = 38, there is a lack 
of data for L/A = 0.025. This is because the structure is 
possible only for L/A > 0.05 if d = 0.3 mm, as is evident 
from Fig. 2. When the conductor width (d) is tripled, the 
antenna width (W) increases by about 30%. For a reduction 
of the antenna length, the antenna width increases almost 
linearly. It is also found that the antenna width can be 
designed smaller for a larger number of stages if the antenna 
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Fig. 2. Limits of conductor width. 
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Fig. 3. Antenna length and width of resonance point. 


length remains constant. From the relationship between the 
antenna length (ZL) and the antenna width (W), it is found 
that W > L if the antenna length is smaller than 0.05 
wavelength. In order to realize a small antenna with L = W, 
the values of N must be increased further. 

Figure 4 shows the total length (L,) of the antenna 
conductor at self-resonance. As the conductor width (d) is 
increased, the conductor length (L) needed is increased. If 
Lis to be reduced, L, must be made longer. The incremental 
rate is higher for larger N. Also, as N is increased, L, is 
increased. Here, it should be noted that L, lies in the region 
of 1 to 2 wavelengths. 

Figure 5 shows the input resistance (R;,) and the 
ohmic resistance (R;) when the conductor width (d) is 0.3 
mm (7.0x 10+). As shown in Eq. (1), the ohmic resistance 
is known by subtracting the input resistance for infinite 
conductivity (6 = ce) from the input resistance of the con- 
ductivity of copper (6,). In this case, the radiation resistance 
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Fig. 4. Antenna length and conductor length. 
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Fig. 5. Input resistances and ohmic resistances of 
conventional configuration. 


(R,.) is equal to the input resistance for infinite conductivity 
(OG =o): 


R= Rin(@c) == Rin(o = 00) (1) 


In Fig. 5, resistance changes of R;, and R; due to N 
are small when the length is more than 0.1 wavelength. 
Below 0.1 wavelength, R; increases quickly as L becomes 
smaller when N is large. It is also found that the radiation 
resistance given by R;,, — R; decreases quickly in accordance 
with the reduction of antenna length. As shown in Eq. (2), 
the ohmic resistance varies with the total length of the 
conductor (L,), the conductor width (d), and the frequency 
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Here, t is the conductor thickness and 6 is the skin depth of 
the conductor. When 6, = 5.8 x 10’ S/m of copper is used 
for the conductivity, 6 = 2.5 um at 700 MHz. The value of 
t is chosen as 35 [Lm in consideration of the actual copper 
film thickness, which is sufficiently larger than 6. The 
peculiar dependences of R; on variables are such that R; 
changes in inverse proportion to d and is proportional to L, 
and Vf. The reason that R; increases remarkably below 0.1 
wavelength is the increase of L, at large N values. For L/A 
= 0.05, R, of N= 38 is more than twice that of other numbers 
of stages. 


2.2. Comparison with conventional design 
equation 


With regard to the self-resonance structure of the 


antenna, the following convenient design equation is given 
in Ref. 6: 


wNo log 5+5 (log _ 1) a (log =“ _ 1) (3) 
where L is the antenna length, w is the antenna width, Np is 
the number of stages, and D is the diameter of the conductor 
rod. The left-hand side of the above equations expresses the 
inductance of the meander line antenna. This is given by the 
sum of the inductance of 2No crank sections and the self- 
inductance of an infinitesimal dipole antenna with a length 
of L. The right-hand side is equal to the self-inductance of 
a half-wave dipole with the same frequency. If the resonant 
frequency is identical, it is assumed that the inductance of 
the meander line antenna is equal to that of the half-wave 
dipole antenna. 

Figure 6 shows a comparison of the results obtained 
from design equation (3) and the present simulation. Here, 
N =2N, and the value of b is set equal to the width (d) of 
the meander line and is 0.3 mm (7.0 x 10“ A). When b > d, 
numerical values of Eq. (3) for W, indicated by the dotted 
line, shift in the upward (increasing) direction. On the other 
hand, results of Eq. (3) shift downward for b < d. In the case 
of b = d, the simulation value and the results of Eq. (3) 
coincide at N = 22 and N = 38. The difference between the 
dotted line and the solid line is largest when N = 10 at L/A 
= 0.05. The difference is at most 20%. The diameter (b) of 
the conductor rod is usually considered equivalent to the 
conductor width (d) when 2b = d. In the present compari- 
son, the feed spacing is chosen large for the antenna struc- 
ture in simulation, as shown in Fig. 1. The structure is 
slightly different from the model for Eq. (3), in which the 
meander sections are uniformly placed within L. Therefore, 
the numerical results happen to be coincident when b is 
chosen as d instead of d/2. Although the present comparison 
is not rigorous, the effectiveness of Eq. (3) can be recog- 
nized. 
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Fig. 6. Resonance structures. 


3. Input Resistance of Folded Structure 


3.1. Folded structure 


It is stated in Ref. 9 that the radiation resistance can 
be made four times if the meander line antenna is modified 
to a folded structure. The folded structures in Figs. 7(a) and 
(b) are typical. The overlapped form is the one studied in 
Ref. 8. Since the electrical characteristics are almost iden- 
tical in these two structures [9], the parallel form, repre- 
senting the basic configuration, is treated here. 


3.2. Step-up ratio of radiation resistance and 
ohmic resistance 


3.2.1. Derivation by transmission line model 


The electrical characteristics of the folded dipole 
antenna can be considered by replacing it with two trans- 
mission line models, asymmetrical and symmetrical, and 
can be represented by Figs. 8(a) and 8(b) [10]. Let the input 
resistances of these modes be Z, and Z,. Also, let the input 
resistance of the folded dipole antenna be Z, Then, Z, = 
4Z,Z,/(2Z, + Z;), as shown in Eq. (4). Let us consider a 
half-wave folded dipole antenna. In the case of the asym- 
metric mode, the resistance (Z,) whose end is short termi- 
nated becomes infinite. Hence, as shown by Eq. (5), Zp= 
4Z,. In this way, only the input resistance (Z,) of the 
symmetric mode must be considered when only the input 
resistance of the folded dipole antenna at resonance is 
considered. 

In the case of the symmetric mode, since the direc- 
tions of the current flows in the twin parallel wires are equal, 
the twin parallel wires can be replaced with a thick conduc- 
tor as shown in Fig. 8(c). The input resistance (Z,) of the 
symmetric mode can be expressed by the two terms of the 
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Fig. 7. Folded structures. 
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Fig. 8. Study of step-up ratio by transmission line mode. 


radiating resistance (Z,,) and the ohmic resistance (Z,)). 
These values have an important relationship with the resis- 
tances of the original dipole antenna [Fig. 8(d)]. Let the 
radiation resistance and the ohmic resistance of the original 
dipole antenna be Z,,.and Z,);. The relationship between the 
symmetric mode and the original dipole antenna for the 
radiation resistance is Z,,,~ Z,,, as shown in Eq. (7), because 
the antenna lengths are equal even though the conductor 
widths are slightly different. Also, the relationship between 
the symmetric mode and the original dipole antenna in the 
conducting resistance is Z,; = Z,/2, as shown in Eq. (8), 
because the model for the ohmic resistance of the symmet- 
ric mode is twice the conductor width of the dipole antenna. 
In Eq. (9), when the values from Eqs. (7) and (8) are 
substituted, we obtain Z; = 4Z,, + 2Z,). Hence, the step-up 
ratio of the radiation resistance of the folded dipole antenna 
is a factor of 4, while that of the ohmic resistance is a factor 
of 2. 


3.2.2. Validity of the transmission line model 


In this section, we study by simulation whether the 
transmission line model is applicable to the folded meander 
line antenna. In Fig. 9(a), a model with the asymmetric 
mode feed of Fig. 8(b) for the folded meander line antenna 
in Fig. 7(a) is presented. The direction of the current is 
indicated by arrows. The current distribution is obtained by 
compressing and folding the current in Fig. 8(b) in the L 
direction. The current flows in the W direction are opposite 
in adjacent conductors. The input impedance characteristics 
are shown in Fig. 9(b). In the case of the meander line 
antenna, it is also confirmed that the resistance values for 
600 to 800 MHz tend to infinity and the input impedance 


Z, for the asymmetric mode is Z, = oe. As a result, it is 
expected that the asymmetric mode will not be excited and 
that only the symmetric mode will exist also in the meander 
line antenna. 


(a) Current flow of unsymmetrical mode 


(b) Input impedance of unsymmetrical mode 


Fig. 9. Current flow and input impedance of 
unsymmetrical mode. 


Fig. 10. Current flow of symmetrical mode. 


Figure 10 shows the current distributions in the 
folded meander line antenna with arrows. The current dis- 
tributions of the symmetric mode in Fig. 8(b) are folded in 
the L direction and compressed. The orientations of the 
currents are opposite in adjacent conductors. Along L, all 
currents are in the same direction. It is seen that the currents 
in the L direction are the radiation source. 


3.3. Antenna input resistance value 


3.3.1. Computed value of the step-up ratio 


The values of the radiation resistance (R,) and the 
ohmic resistance (R;) contained in the input resistance (R;,) 
of the folded configuration are shown in Fig. 11. The 
step-up ratio is derived by comparison with the values in 
Fig. 5 of N = 10. Here, the ohmic resistance is calculated 
from Eq. (1). It is found that the input resistance [R;,(/)] of 
the folded structure is higher than that of the conventional 
configuration [R;,(0)]. The value of the radiation resistance 
is the difference between the solid line and the broken line. 
When radiation resistances of the conventional configura- 
tion [R,(o)] and the folded configuration [R,(f)] are com- 
pared, a step-up ratio of about 4 is obtained for all antenna 
lengths. Next, the step-up ratio of the ohmic resistances is 
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Fig. 11. Step-up ratio of folded structures. 
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Fig. 12. Resistances of folded structure. 


found to be about 2 when the conventional configuration 
[R,(o)] and the folded configuration [R,(f)] are compared. 


3.2.2. Numerical value of the antenna input 
resistance 


Figure 12 shows the variation of the resistance value 
as N is varied. For N of 10, 22, and 38, the antenna length 
is varied from 0.025 A to 0.2 X. It is found that the radiation 
resistance (R,) does not change with N at any value of L. 
Hence, N does not influence the increase in R,. As the 
antenna length is reduced, R, changes significantly. The 
ohmic resistance (R)) increases with N, since the total length 
(Lz) of the conductor varies by N as shown in Fig. 4. An 
important characteristic is that there exists a point at which 
R, is larger than R,. As N is increased, the crossing point 
occurs at longer antenna lengths. It is concluded that the 
radiation efficiency is degraded as N is increased, even 
though the antenna size can be reduced. 


4. Trial Fabrication of 0.1 ) Antenna 


4.1. Measured results of input resistance 


Figure 13 shows the fabricated antenna used for 
experiments. The dimensions are: N= 10, L=43 mm (0.1A), 
W=35 mm (0.08 4), Lp= 10 mm (0.02 A), d= 1.7 mm (4.0 
x 107 A), and s = 1.4 mm (3.3 x 10° A). Both the conven- 
tional structure and the folded structure were built. The 
conductor was a copper film with a thickness of 0.1 mm 
(2.3 x 104). In the experiment, many values were in- 
tended to be compared with the simulation results in various 
aspects. Therefore, in consideration of the temperature 
variations of the ohmic resistance, measurements was per- 
formed at room temperature and at a cooled temperature. 
For cooling, liquid nitrogen was poured into the bottom of 


Fig. 13. Manufactured 0.1 A antennas. 


a Styrofoam box and the antenna to be measured was 
suspended in space. The box was closed by a lid and the 
antenna was cooled with nitrogen vapor [11]. The tempera- 
ture obtained was —144 °C. Figure 14 shows the measured 
input impedance values. The input resistance at resonance 
was | Q lower when cooled. In order to increase the 
reliability of the measured values, a structure employing the 
electrical image was measured in addition to the structure 
fed by a coaxial cable. The measured values of the conven- 
tional and folded configurations were almost equal to the 
values of Fig. 14 at room temperature and the cooled 
temperature conditions [11]. Hence, the validity of the 
measured results is confirmed. 

Figure 15 shows the variations of the input resistance 
due to temperature changes. In the simulation, an input 
resistance with infinite conductivity was used as the value 
at a temperature of absolute zero. In the conventional struc- 
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Fig. 14. 0.1 A input impedances. 
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Fig. 15. Temperature versus input resistances (0.1 A). 


ture, the measured and simulated results agree well at room 
temperature and cooled temperature. In the folded struc- 
ture, the measured results are about 5 Q lower than the 
simulation results. Next, in consideration of the tempera- 
ture variations of the ohmic resistance, the ohmic resistance 
is estimated. When the structure is cooled to —144 °C, the 
reduction ratio of the ohmic resistance is 0.46 times the 
value at room temperature [12]. The temperature variations 
of the input resistance are as follows: 


R,,(toom temperature) = R,.+ R(room temperature) 
R;,(cooled) = R,. + R(cooled) (10) 


When the measured values are substituted into Eq. (10), we 
obtain R, = 5.1Q, R(room) = 1.4Q, and R,(cooled) = 0.70 
for the conventional structure. For the folded structure, we 
obtain R,.=23.8Q, R,(room) = 1.7Q, and R,(cooled) = 0.8Q. 


4.2. Measured radiation characteristics 


Figure 16 shows the measured radiation charac- 
teristics. The antenna orientation is also plotted. The meas- 
urement plane is that containing the meander line structure. 
The measured polarization is oriented toward the circular 
periphery in Fig. 16. The directivity is of figure-8 shape like 
that for the dipole antenna. It is found that the antenna has 
an infinitesimal current source oriented in the side direc- 
tion. When the conventional type and the folded type are 
compared, gain improvements of 3.7 dB at room tempera- 
ture and 3.4 dB at cooled temperature are obtained. The 
peak level increases by somewhat less than 0.5 dB with 
cooling. 


4.3. Summary of 0.1 1 antenna 


Table 1 summarizes the measured and calculated 
results for the 0.1 A antenna. The measured resistance value 
is the same as that in Fig. 14. Good correspondence is seen 
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Fig. 16. Radiation pattern of 0.1 1. 


between the input resistances of the conventional type and 
the folded type. By using the estimated value of the ohmic 
resistance derived in Fig. 15, the measured and computed 
results can be compared. In the case of the conventional 
ar the values estimated from the measurements are 
=5.1Q and R; = 1.4Q and the computed values are R, = 
, 6Q and R; = 2.5Q so that the agreement is good. In the 
case of the folded type, the values estimated from the 
measurements are R, = 23.8Q and R, = 1.7Q, but the 
computed values are R,.= 26.0Q and R; = 4.9Q, so that the 
agreement is fair. As a result of the above discussions, the 
validity of simulation and measured resistances can be 
guessed. 


Table 1. Summary of input resistances and gains 
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With regard to the antenna gain, the measured and 
computed values agree well for the conventional type. In 
the folded type, the measured result is about 0.8 dB lower. 
Nevertheless, an antenna gain of —2.3 dBd is obtained, 
which is considered satisfactory in view of the fact that a 
half-wave antenna is reduced to 1/5. 


5. Trial Fabrication of 0.05 1 Antenna 


Figure 17 shows the configuration of a 0.05 A an- 
tenna. The width of the conductors to be fed is set at 0.2 
mm (4.7 x 10+ A). In order to keep the ohmic resistance as 
small as possible, the folded conductor width is twice as 
large at 0.4 mm (9.3 x 10“). The step-up ratio of the 
radiation resistance becomes 5.6. Each configuration with 
different conductor widths is designed so that they resonate 
at 700 MHz. Figure 18 shows a fabricated antenna. The 
antenna element cannot maintain a flat shape because cop- 
per film with a thickness of 35 um (8.2 x 10™ A) is etched 
on an extremely thin plastic film. Hence, it is fixed on an 
OHP film, which has satisfactory strength. The center gap 
of the copper film is soldered to a coaxial cable with 2.5 
mm 6. 


5.1. Measured results of input resistance 


Figure 19 shows the measured input impedance. 
Cooling efficiency is increased by dripping liquid nitrogen 
vapor directly onto the antenna element. The Styrofoam 
container for cooling is reduced in size according to the 
antenna size and the sealing of the container is improved. 
Thus, the dwell time of the nitrogen vapor becomes longer 
and the antenna temperature can be reduced to —-196 °C, 
close to the temperature of liquid nitrogen. By converting 
the conventional configuration to the folded configuration, 
the input resistance is found to be increased at both room 
temperature and the cooled temperature. Figure 20 shows 
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Fig. 17. Structure of 0.05 A folded antenna (N = 38). 


Fig. 18. Manufactured 0.05 A folded antenna. 


the bandwidth of the folded type at room temperature (20 
°C). The frequency bandwidth for VSWR < 2 is 12 MHz, 
or 1.6% in relative bandwidth. Figure 21 shows the vari- 
ations of the input resistance versus environment tempera- 
ture. For both the conventional and folded configurations, 
the measured and computed values agree well at room 
temperature and on cooling. Next, in consideration of the 
temperature change of the ohmic resistance, estimated val- 
ues of the ohmic resistance are obtained. When antennas 
are cooled to —196 °C, the ohmic resistance is 0.17 times 
the value at room temperature [12]. The temperature vari- 
ations of the input resistance are as follows: 


R;,(toom temperature) = R,. + R(room temperature) 
R,,(cooled) = R, + R(cooled) (11) 


When the measured results are substituted into Eq. (11), we 
obtain R,.= 3.3 Q, R(room) = 10.2Q, and R,(cooled) = 1.7Q 
for the conventional structure and R, = 15.8Q, R)(room) = 
32.9Q, and R,(cooled) = 5.6Q for the folded structure. 


5.2. Measured radiation characteristics 


Figure 22 shows the measured radiation charac- 
teristics. In the conventional type, the gain was —12 dBd. 
By using the folded type, the gain was improved by 2 dB 
to -10 dBd. Also, the gain is improved by cooling to -8 
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Fig. 19. Input impedance of 0.05 1. 


VSWR 


745 751 757 763 769 
Freq. [MHz] 


Fig. 20. VSWR of 0.05 A. 
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Fig. 21. Temperature versus input resistance (0.05 A). 
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Fig. 22. Radiation pattern of 0.05 A. 


Table 2. Summary of input resistances and gains 
(0.05 A) 


13.5 15.1 (1.2+13.9) 


[Cooled [56 | id 


sat 48.6 (8.6+40.0) 


dBd. This suggests the existence of a substantial ohmic loss. 
In comparison with the 0.1 wavelength antenna, the con- 
ductor width (d) is reduced by 1/8.5, from 1.7 mm to 0.2 
mm, so that the ohmic loss increases at least 8.5 times. 
Hence, the gain is reduced from —2 dBd to —10 dBd. 


5.3. Summary of 0.05 2 antenna 


The measured and computed results for the 0.05 A 
antenna are summarized in Table 2. The measured resis- 
tances are reproduced from Fig. 19. With regard to the input 
resistances, the measured and computed results agree well 
for both the conventional and folded structure at room 
temperature. Next, the estimated values in Fig. 21 derived 
with allowance for the temperature change of the ohmic 
resistance are compared with the computed values. In the 
conventional structure, the estimated values are R, = 3.3Q 
and R; = 10.2Q and the computed values are R,.= 1.2Q and 
R,= 13.9Q. The estimated and computed values agree rather 
well. In the folded structure, the estimated values are R,. = 
15.8Q and R, = 32.9Q and the computed values are R, = 
8.6Q and R, = 40. The radiation resistance of the estimated 
value is twice the computed value. The magnitude of the 
estimated R, is too great when the antenna gain (-10 dBd) 
in Table 2 is taken into account. In the method of calculating 
the ohmic loss with allowance for the temperature variation 
of the ohmic loss, the result strongly depends on the tem- 
perature coefficient of the ohmic loss (0.17). If the tempera- 
ture coefficient is 0.3, then the estimated values become R; 
= 39Q and R,.= 9.7Q, which agree well with the computed 
values. The temperature coefficients in Ref. 12 are the 
values for a DC current. Further studies are needed, includ- 
ing confirmation at higher frequencies. With regard to the 
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gain, the measurements and simulation results for the con- 
ventional structure agree well. 


6. Conclusions 


In research aimed at the realization of a very small 
meander line antenna, the structural dimensions of the 
antennas for sizes from 0.1 wavelength to 0.025 wavelength 
at resonance are obtained. In the folded structure that can 
improve efficiency, the differences in the step-up ratios of 
the radiation resistance and the ohmic resistance are ex- 
plained theoretically. In addition, the numerical values of 
both resistances, which are the basis for the electrical char- 
acteristics, are derived. Further, antennas operating at 0.1 
and 0.05 wavelength are fabricated. Comparison between 
the numerical values and the measured values confirms the 
validity of the simulation. The attainable performance is 
ascertained. 
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